Dynamic properties and control strategies of step responses by accommodation and disaccommodation differ from one another. Peak velocity of accommodation increases with response magnitude, while peak velocity and peak acceleration of disaccommodation increase with starting position. These dynamic properties can be modeled as control strategies that use independent acceleration-pulse and velocity-step components that are integrated respectively into phasic-velocity signals that control movement and tonic-position signals that control magnitude. Accommodation is initiated toward its final destination by an acceleration-pulse whose width increases with response magnitude to increase peak velocity. Disaccommodation is initiated toward a default destination (the far point) by an acceleration-pulse whose height increases with dioptric distance of the starting position to increase peak velocity and peak acceleration. Both responses are completed and maintained by tonic-position signals whose amplitudes are proportional to the final destination. Mismatched amplitudes of phasic-velocity and tonic-position signals in disaccommodation produce unstable step responses.
Introduction
Accommodation adjusts the optical power of the eye by applying forces to the lens capsule and matrix with an active agonist (ciliary muscle) and a passive antagonist (choroid tissue). During accommodation (far-to-near focusing), innervation to the ciliary muscle is increased from some initial level to increase the refractive power of the lens. During disaccommodation (near-to-far focusing), innervation to the ciliary muscle is lowered to reduce the refractive power of the lens, and the roles of the ciliary muscle and choroid are reversed: the former becomes the antagonist and the latter becomes the agonist.
We are interested in the dynamic behavior and the corresponding neural control strategies used by accommodation to compensate the age-related changes in the visco-elastic properties of the lens and to achieve fast step responses.
Dynamic neural control strategies are reflected by empirical measurements of accommodation and disaccommodation step responses and they can be summarized using dynamic systems-engineering lumped models (Koshroyani & Hung, 2002; Schor & Bharadwaj, 2004 . Behavioral observations show that accommodation and disaccommodation have different dynamic characteristics, indicating that different neural control strategies are used to increase and decrease innervation of the ciliary muscle to optimize the accuracy and speed of dynamic step changes of accommodation and disaccommodation (Bharadwaj & Schor, 2005a , 2005b . In this paper, we briefly describe the dynamic characteristics of accommodation and disaccommodation step responses and we present a model of their dynamic properties and response strategies. The disaccommodation model has the same pulse-step structure as used of our dynamic model of accommodation . Both models control velocity by adjusting dynamic properties (i.e., height and width of the acceleration-pulse). Strategies describe how velocity is increased, either with response magnitude for accommodation or with response starting position for disaccommodation.
Behavioral characteristics of accommodation and disaccommodation
Accommodation and disaccommodation responses to step changes in optical defocus have different dynamic properties and control strategies. First, during accommodation from a constant far position to various near positions (Fig. 1A) , peak velocity increases with response magnitude (Bharadwaj & Schor, 2005a; Ciuffreda & Kruger, 1988; Kasthurirangan, Vilupuru, & Glasser, 2003; Mordi & Ciuffreda, 2004 ) but peak acceleration is invariant of response magnitude (Bharadwaj & Schor, 2005a ). In contrast, during disaccommodation from a constant near position to various far positions (Fig. 1A) , both peak velocity and peak acceleration remain invariant of response magnitude (Bharadwaj & Schor, 2005b) . The position, velocity, and acceleration profiles shown in Figs. 1B-G clearly show this difference. Figs. 1B and C compare accommodation and disaccommodation position traces of three different magnitudes (1.5, 2.5, and 3.5 D) from a constant starting position (1 D and 4 D, respectively). These position traces show that disaccommodation has a shorter time constant than accommodation and it exhibits overshoots only for small disaccommodation response magnitudes (e.g., 1.5 D), whereas larger disaccommodation response magnitudes and all of the illustrated accommodation response magnitudes are more stable. The corresponding velocity traces illustrate that the peak velocity of accommodation increases systematically with response magnitude (Fig. 1D ) and the peak velocity of disaccommodation from a fixed starting position remains invariant of response magnitude (Fig. 1E) . Similarly, the corresponding acceleration traces illustrate that the peak acceleration of neither accommodation ( Fig. 1F ) nor disaccommodation ( Fig. 1G ) changes with response magnitude.
Second, the first-and second-order dynamic properties of accommodation do not vary with the starting position of accommodation (see however, Kasthurirangan & Glasser, 2005 for slightly different results). In contrast, both the first-and second-order dynamic properties of disaccommodation increase with the dioptric distance of the starting position of disaccommodation (Bharadwaj & Schor, 2005b; Kasthurirangan & Glasser, 2005; Yamada & Ukai, 1997) . This starting position-dependent strategy can be illustrated with stimuli of fixed magnitude from different starting positions ( Fig. 2A). Figs. 2B-G show examples of the position, velocity, and acceleration traces for a 1.5 D stimulus defocus from three different starting positions (accommodation: 0, 1, and 2 D; disaccommodation: 4, 3, and 2 D). The position traces show that disaccommodation has a shorter time constant than accommodation for all starting positions, and that overshoots of disaccommodation occur only for responses from a 4 D starting position, while these instabilities do not occur from more distal starting positions or for any of the illustrated accommodation starting positions (Figs. 2B and C) . The corresponding velocity and acceleration traces illustrate that the peak velocity and peak acceleration of accommodation remains invariant with starting position (Figs. 2D and F) but the peak velocity and peak acceleration of disaccommodation systematically increase with the dioptric distance of the starting position (Figs. 2E and G) .
In summary, in the control strategy for accommodation, the first-order dynamic properties are determined by the response magnitude, while the second-order dynamic properties are independent of both response magnitude and starting position. Accommodation responses of any magnitude and from any starting position do not show overshoots. In the control strategy for disaccommodation, both the first-and second-order dynamic properties are determined by the starting position of disaccommodation. Disaccommodation responses of smaller magnitude and from more proximal starting positions have overshoots, while disaccommodation responses of larger magnitude and from distal starting positions do not show overshoots.
The linear dependence of peak velocity and peak acceleration of disaccommodation on starting position and their independence from response magnitude suggest that disaccommodation step responses of any magnitude and from any starting position are initiated toward a default and remote initial destination (Bharadwaj & Schor, 2005b; Yamada & Ukai, 1997) . These initial responses are switched mid-flight to attain their desired final destinations. The initial (default) destination has been estimated from the x intercept of linear regression equation of peak velocity as a function of response starting position (Bharadwaj, Kim, & Schor, 2005) . The x intercept has a negative value that corresponds well with the cycloplegic refractive state of the eye . This observation is representative of the disaccommodation response resulting from near-zero innervation to the ciliary muscle .
Pulse-step dynamic model of accommodation
The pulse-step model for the dynamic control of the step response by accommodation has been described in detail in an earlier publication . Hence, only a brief description will be presented here. In the pulse-step model schema for accommodation, step changes in defocus stimuli generate independent acceleration-pulse and velocity-step signals, which are integrated to produce phasic-velocity and tonic-position signals, respectively. The phasic-velocity and tonic-position signals are summed and transformed by the accommodative plant to produce the final accommodation response (Fig. 3A) . The initial movement or change in accommodation is controlled by the open-loop phasic-velocity signal, while the final position of accommodation is maintained under closed-loop conditions by the tonic-position signal. Three important characteristics of the acceleration-pulse signal control the dynamic properties of accommodation. The height of the pulse determines the peak acceleration, the width of the pulse determines the height of the phasic-velocity signal and total duration of acceleration, and finally the integral Velocity traces were obtained by differentiating the position traces using a 2-point difference algorithm and followed by smoothing the traces using a 100-ms smoothing window. The highest point in the velocity traces was denoted as the peak velocity of the response. (F, G) Acceleration profiles plotted as a function of time for the position traces shown in B and C. Acceleration traces were obtained by differentiating the velocity traces using a 2-point difference algorithm and followed by smoothing the traces using a 100-ms smoothing window. The highest point in the acceleration traces was denoted as the peak acceleration of the response. The large peak and trough seen in red trace (just after 2000 ms) in F is the result of instabilities in the accommodation response due to an eye blink. A relatively small blink-artifact in the position trace is exaggerated in the corresponding acceleration profile due to the differentiation operation. (B-G) Solid colored lines represent empirical data collected by Schor (2005a, 2005b) and the thin dotted lines indicate pulse-step model simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.) of the pulse determines the peak velocity. Either increasing the height or the width of the pulse can increase the phasicvelocity signal. In the control strategy for dynamic accommodation, the peak acceleration remains invariant with response magnitude, while the total duration of acceleration and the peak velocity increase with response magnitude Velocity traces were obtained by differentiating the position traces using a 2-point difference algorithm and followed by smoothing the traces using a 100-ms smoothing window. The highest point in the velocity traces was denoted as the peak velocity of the response. (F, G) Acceleration profiles are plotted as a function of time for the position traces shown in B and C. Acceleration traces were obtained by differentiating the velocity traces using a 2-point difference algorithm and followed by smoothing the traces using a 100-ms smoothing window. The highest point in the acceleration traces was denoted as the peak acceleration of the response. (B-G) Solid colored lines represent empirical data collected by Bharadwaj and Schor (2005b) and the thin dotted lines indicate pulse-step model simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.) (Bharadwaj & Schor, 2005a) . Based on these observations, the increase in peak velocity of accommodation with response magnitude was modeled by increasing the width of a constant-height acceleration-pulse (Fig. 3B) . The velocity-step signal was under feedback control. Its height equaled the defocus error signal and it increased proportionally with the response magnitude. Internal feedback was used to achieve response stability .
Several studies have assumed that the disaccommodative step response is controlled by a step relaxation of the tonic-position signal from an initial state to a level proportional to the response magnitude (Beers & van der Heijde, 1996; Crawford, Terasawa, & Kaufman, 1989; Croft et al., 1998; Vilupuru & Glasser, 2002) . However, the first-and second-order dynamic properties described above suggest that like accommodation, disaccommodation could also be controlled by independent acceleration-pulse and velocity-step components that reduce innervation to the ciliary muscle. Our dynamic model of disaccommodation takes these aspects into consideration.
Model structure
Our goal was to model the dynamic control of disaccommodation with the same pulse-step structure as used in our model of dynamic accommodation . This common structural organization facilitates the comparison of the neural control strategies of accommodation and disaccommodation with as few parameters as possible. The model was constructed using MATLAB/SIMULINK and it incorporated the neural processes and the biomechanical plant of a 25-year-old individual. Copies of the Matlab scripts can be obtained from the authors upon request or from our website, http://schorlab.berkeley.edu/. The scripts for three different starting positions and response magnitudes of disaccommodation can be downloaded and run with MATLAB/SIMULINK.
Since the structural organization of the models for dynamic accommodation and disaccommodation is identical, only the simplified block diagram of the disaccommodation model is shown (Fig. 3A) . The simplified block diagram of the accommodation model can be found in Schor and Bharadwaj (2005) . Disaccommodation has the same plant and neural components as does the pulse-step model for accommodation . Both dynamic models are based on empirical measures of the first-and second-order dynamic properties of the accommodation step responses (Bharadwaj & Schor, 2005a , 2005b , and on the reported measures of viscoelastic properties of the lens and extra-lenticular accommodation apparatus (Glasser & Campbell, 1999; Wyatt, 1993) . However, the control strategies of these two models differ in how the open-loop acceleration-pulse and the closed-loop velocity-step control peak velocity, peak acceleration and response magnitude either with response magnitude (e.g., accommodation) or with starting positions (e.g., disaccommodation). The basic structural organization of the disaccommodation model is discussed below. The systems-engineering parameters used in both the accommodation and disaccommodation models are listed in Table 1 .
Acceleration-pulse and phasic-velocity signals
Similar to accommodation, the dynamic properties of disaccommodation are modeled by an acceleration-pulse signal. However unlike accommodation, the acceleration-pulse for disaccommodation has a constant width and a height that increases linearly with the dioptric distance of the starting position Eq. (1) (compare Figs. 3B and C). In both models, the pulse is integrated to produce a phasic-velocity signal. The phasic signal for disaccommodation increases with the height of the pulse instead of its width (Fig. 3C ). The variable height of the acceleration-pulse is suggested by increases in both peak acceleration and peak velocity of disaccommodation with starting position (Bharadwaj & Schor, 2005b ). The constant width of the acceleration-pulse is suggested by the invariance of the duration of acceleration (200 ms) and time-to-peak acceleration (100 ms) 1 from different starting positions (Bharadwaj & Schor, 2005b) . For responses from a constant starting position, the acceleration-pulse signal for a full disaccommodation (responses from the starting position to the far point) and partial disaccommodation (responses from the starting position to a destination proximal to the far point) have the same heights. Accordingly, the height of the integrated phasic-velocity signal is also invariant with response magnitude from the same starting position. Together, the accelerationpulse and phasic-velocity signals initiate disaccommodation responses toward an initial destination that corresponds to near-zero innervation of the ciliary muscle . The model incorporates this initial destination in the x intercept of the linear regression equation used to scale the height of the acceleration-pulse with starting position (À0.43 D in Eq. (1)). Values for the heights of the acceleration-pulse and phasic-velocity signal are shown in Table 2 for different starting positions.
where P accel is height of the acceleration-pulse (D/s 2 ) and SP diop is starting position of disaccommodation (D). x intercept = À0.43 D.
Velocity-step and tonic-position signals
The steady-state magnitude of the disaccommodation step response at the final destination is determined by the velocity-step signal, which is integrated to produce a tonic-position signal. The stability of the disaccommodation step responses results from the control of the height and width of the velocity-step signal with internal negative feedback. Unlike accommodation, where the initial height of the velocity step increases with response magnitude, in the disaccommodation model, the initial height of the velocity step increases with the dioptric distance of the starting position Eq. (2), irrespective of response magnitude. The velocity step is derived from an error signal equal to the dioptric difference between the input (desired 1 The acceleration-pulse for both accommodation and disaccommodation models has a ramped onset whose width determines the time-to-peak acceleration (Figs. 3B and C). Trapezoidal and triangular shaped pulses with ramped onsets have also been proposed for the pulse component of the saccadic control system (Jurgens, Becker, & Kornhuber, 1981; Robinson, 1973) . Empirical measures of accommodation and disaccommodation indicate that the time-to-peak acceleration is approximately constant (100 ms), and is invariant with response amplitude and starting position (Bharadwaj & Schor, 2005a) . A pulse plateau follows the ramped onset. The combined width of the ramped onset and pulse plateau for the disaccommodation models is set by empirical measures of time to reach peak velocity after the response begins. Time-to-peak velocity for disaccommodation (200 ms) is invariant with starting position and response magnitude (Bharadwaj & Schor, 2005b) , and this parameter was used to indicate when the open-loop acceleration-pulse ended and the closed-loop velocity step started.
final position) and the output (efference correlate of the current state of accommodation). This focus error is scaled by the ratio of full to partial disaccommodation to produce an initial step height equal to the initial motor error for a full-disaccommodation response to the far point. This error is reduced by negative feedback which shortens the width of the velocity step so that it is proportional to the difference between the starting position and final destination of the partial-disaccommodation response. Thus, 2 D of disaccommodation from a 4 D starting position has a narrower step width than a full 4 D disaccommodation to the far point, even though the height of the initial step is the same for both response magnitudes. The rate that the velocity-step amplitude is reduced by negative feedback is proportional to the error normalization scalar. Note that this scalar has a value of 1.0 in the dynamic model for accommodation .
where S vel is height of the velocity step (D/s) and SP diop is starting position of disaccommodation (D). The velocity step is integrated to produce the tonic-position signal whose magnitude is proportional to the dioptric distance to the final destination.
Internal feedback
Internal feedback is used to estimate position errors between the desired and actual disaccommodative responses (Fig. 3A) . Desired disaccommodation is computed from the sum of the retinal error (defocus) and a positive internal feedback-loop that is derived from efference copy that takes into account the plant transfer function with a virtual plant. In effect, estimates of actual disaccommodation position (efference copy) are subtracted in a negative feedback-loop from the desired position signal to produce the error signal, which is scaled to produce the velocity step. This internal source of feedback is analogous to that proposed for vergence eye movements by Zee and Levi (1989) . Negative feedback produces a velocity-step signal whose initial height is proportional to starting position and whose width is proportional to the magnitude of the disaccommodation response. The velocity step is integrated to a tonic-position signal whose height is proportional to the response magnitude.
Refractive errors
Retinal defocus error provides sensory information to produce a motor plan that guides the step response with internal feedback. Retinal error equals the difference between the dioptric distance of the conjugate focus of the eye and the stimulus target. Refractive errors (not shown) would be represented by a response bias at the system output, in the feed-forward-loop prior to visual feedback. In the unaccommodated eye, this response bias would increase the retinal error in hyperopia (negative bias), and it would decrease the retinal error in myopia (positive bias). Any changes in blur sensitivity associated with refractive error would be represented by the size of the depth of focus and to the size of supra-threshold errors which influence the amplitude of the response (e.g., lag of accommodation) but not its dynamics, as described by the main sequence function, when controlled by internal feedback.
Signal processing flow charts
Figs. 4 and 5 display several signal processing flow charts that illustrate how acceleration-pulse and velocitystep signals are integrated to phasic-velocity and tonic-position signals, respectively. These signals are combined with a starting position bias and they are transformed by the plant into accommodation and disaccommodation step responses. The acceleration-pulse height for accommodation is independent of both starting position and response magnitude (Figs. 4A-C) , while the velocity-step height increases only with response magnitude and not with starting position (Figs. 4A-C) . In contrast, the accelerationpulse and velocity-step heights for disaccommodation both depend on starting position and are independent of response magnitude (Figs. 5A-C) . Figs. 5A and B illustrate that the 1.5 and 4 D disaccommodation pulse and step components from the 4 D starting position have the same heights, and they are larger than the pulse and step heights for a 1.5 D disaccommodation responses from the 1.5 D starting position (Fig. 5C ). Model simulations of position, velocity, and acceleration for accommodation and disaccommodation (dashed lines) are also compared to empirical measures (solid lines) in Figs. 1 and 2 .
Overshoots that are a characteristic of partial-disaccommodation responses result from combinations of large Values in a single row illustrate the phasic-velocity and tonic-position signal heights when the initial and final destinations of disaccommodation are equal (i.e., full disaccommodation). Pulse and step heights increase linearly with starting position. (Fig. 5B) . For partial disaccommodation from the same starting position, the phasic signal remains unchanged, but the change in height of the tonic signal is decreased in proportion to the smaller response magnitude. As demonstrated by Fig. 5A , when the change in partial disaccommodation (1.5 D) was less than 50% of the amplitude of a full disaccommodation response from the starting position (4 D), the amplitude of the phasic-velocity signal was greater than the change of the tonic-position signal, and this mismatch caused overshoots at the final destination. The same 1.5 D amplitude response for a full-disaccommodation response to the far point from 1.5 D is stable (Fig. 5C ) because the height variation of the phasic signal does not exceed that of the tonic signal. Empirical measures demonstrate such overshoots of small partial-disaccommodation responses from proximal starting positions (Figs. 1C and 3C ).
Simulation results
Simulations are compared to empirical measures of dynamic properties of accommodation that were obtained from four subjects for four-different starting positions (0, 1, 2, and 3 D) while the empirical measures of dynamic properties of disaccommodation were obtained from six subjects for three-different starting positions (4, 3, and 2 D). Data of one representative subject are shown in this paper (Figs 1, 2, 6 , 7, and 8).
Disaccommodation position traces and stability of partial disaccommodation
Simulations of accommodation and disaccommodation position traces from a fixed starting position and from different starting positions are shown by the dashed lines in Figs. 1A, B and 2A and B. The simulations agree well with the empirical data (solid lines) and they also show overshoots of small partial-disaccommodation responses from proximal starting positions (Figs. 1B and 2B) . No overshoots are seen in larger magnitude disaccommodation responses, disaccommodation responses from distal starting positions or in any of the accommodation responses. The relationship between the magnitude of primary overshoot (the first and most prominent overshoot in a disaccommodation response) and magnitude of disaccommodation response is shown for empirical and simulated data in Figs. 6A and B, respectively. These plots show data for a range of response magnitudes (0.5 D À 4 D) and for a range of starting positions (2, 3, and 4 D). The simulations agree both qualitatively and quantitatively with the empirical data collected by Bharadwaj and Schor (2005b) and show that the magnitude of the primary overshoot increases as step size decreases below 2 D and it also increases with the dioptric distance of the starting position (Figs. 6A and B) .
The main-sequence relationships
Simulations of velocity profiles of step responses by accommodation and disaccommodation from a fixed starting position and from different starting positions are shown in Figs. 1C, D and 2C, D. Figs. 7A and B show the main sequence relationships of peak velocity for empirical and simulated data for three different starting positions (plots of peak velocity or peak acceleration as a function of response magnitude). The models described in Fig. 3 predict that the main sequence relationship of peak velocity will differ for accommodation and disaccommodation. As shown in Fig. 7A , the peak velocity of accommodation increases with response magnitude. The simulated main sequence saturates at larger response magnitudes as shown empirically by Kasthurirangan et al. (2003) . The peak velocity of accommodation is independent of starting position (Fig. 7C) . Fig. 7B shows the empirical and simulated peak velocity of disaccommodation to remain invariant of response magnitude for the three starting positions. The mean peak velocities for each of the three simulated starting positions are given in Table 3 . The peak velocity increases with the dioptric distance of the starting position of disaccommodation (y = 1.37x + 0.85) and the linear regression equation agrees well with empirical measures (Fig. 7D) . For both accommodation and disaccommodation, the simulated main sequence agrees well with the empirical data.
Simulations of acceleration profiles of accommodation and disaccommodation from a fixed starting position and from different starting positions are shown in Figs. 1E, F and 2E, F. The main sequence data for peak acceleration are shown in Figs. 8A and B. The peak acceleration for accommodation is invariant with both response magnitude (Fig. 8A ) and starting position (Fig. 8C) . The simulated data are similar to the empirical data obtained by Bharadwaj and Schor (2005a) . The peak acceleration for disaccommodation remains invariant with response magnitude (Fig. 8B) and increases with dioptric distance of the starting position (y = 8.63x + 18.6) (Fig. 8D) . The mean peak accelerations for each of the three simulated starting positions are given in Table 3 .
Changes in dynamic properties of disaccommodation with practice
The dynamic properties of disaccommodation can be modified with practice. The coauthor (SRB) measured his disaccommodation responses for over one-year. A detailed account of his dynamic properties and how they changed with practice can be found in Bharadwaj and Schor (2005b) . Hence, only a succinct description will be provided here. When the study began (first session), the dynamic properties of his disaccommodation responses were the same as reported for other subjects (Figs. 2A-F) . Smaller magnitudes of disaccommodation from proximal starting positions showed overshoots (compare blue and red traces in Fig. 9A ). Both peak velocity and peak acceleration of disaccommodation were independent of response magnitude and they increased with dioptric distance of the starting position (Figs. 9B and C) . Time-to-peak velocity was invariant with response magnitude and starting position (figure not shown). However after one year of experience (second session), these trends changed. Overall, the first-and second-order dynamic properties of disaccommodation were more sluggish or damped in the second session than in the first session (compare Figs. 9B and E for In the second session, the peak velocity not only increased with the starting position of disaccommodation (compare green and blue traces in Fig. 9E ) but it also increased with response magnitude from a given starting position (compare blue and red traces in Fig. 9E ). Increases in peak velocity with response magnitude and starting position were associated with an increase in time-to-peak velocity (figure not shown). Overall, the control strategy in the second session for dynamic disaccommodation was similar to the control strategy of dynamic accommodation. This indicates that two different control strategies were used for disaccommodation in the two sessions. The starting position-dependent control strategy for peak velocity was used to simulate dynamic disaccommodation in the first session, while the response-magnitude dependent control strategy that is typical for determining peak velocity of accommodation was used to simulate dynamic disaccommodation in the second session. The difference in the models of control strategy for disaccommodation in the two sessions was that acceleration-pulse height was increased with dioptric distance of the starting position in the first session, and acceleration-pulse width was increased with response magnitude from a given starting position in the second session. The velocity step equaled the unscaled error signal in the second session. The latter model for the second session was identical to the model for accommodation proposed by Schor and Bharadwaj (2005) . As seen in Figs. 9A-F, the simulation agreed well with the empirical data. Values in a single row illustrate heights of the phasic-velocity and tonicposition signals when the initial and final destinations of disaccommodation are equal (i.e., full disaccommodation). Pk Accel is peak acceleration (D/s 2 ); TPV is time-to-peak acceleration (Ms); Pk Vel is peak velocity (D/ s); TPV is time-to-peak velocity (Ms). The TPV was referred to as the total duration of acceleration in Bharadwaj and Schor (2005a) .
Discussion

Pulse-step model overview
The first-and second-order dynamic properties of disaccommodation indicate that the step responses are composed of two separate response destinations: an initial destination that correlates well with the cycloplegic refractive state and a final destination (Bharadwaj & Schor, 2005b; Bharadwaj et al., 2005) . The disaccommodation responses are initiated by a combined pulse-step reduction of innervation of the ciliary muscle toward zero. The openloop acceleration-pulse signal controls the dynamic properties of the step response and it is followed by the In the first session (B), the peak velocity remained invariant of response magnitude (compare blue and red traces) and it increased with starting position (compare green and blue traces). In the second session (E), the peak velocity increased with both response magnitude (compare blue and red traces) and starting position (compare green and blue traces). The peak velocities were reduced in magnitude in the second session when compared to the first session (compare green traces in B and E). (C, F) Acceleration traces are plotted as a function of time. In the first session (C), the peak acceleration remained invariant of response magnitude (compare blue and red traces) and it increased with starting position (compare green and blue traces). The second session (F) showed similar peak acceleration characteristics. The peak accelerations were reduced in magnitude in the second session when compared to the first session (compare green traces in C and F). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
closed-loop velocity-step innervation that serves two purposes. First, together with the acceleration-pulse, the velocity step initiates the response toward the initial destination and second, with visual feedback the velocity-step innervation guides the response to its desired final destination. Like the acceleration-pulse, the initial amplitude of the velocity step is the same for all responses from a given starting position. The height of both the acceleration-pulse and velocity-step signals increase with the dioptric distance of the starting position for disaccommodation.
Single-step model of disaccommodation
Model simulations indicate that the disaccommodation responses are not initiated toward the initial destination by a single-step reduction of innervation of the ciliary muscle. As an alternative to the pulse-step model of disaccommodation described so far, we simulated a single-step model of the disaccommodation step response by setting the gain of the pulse component of the pulse-step model to zero with all the other model components remaining the same. Similar to the pulse-step model, the negativefeedback error of the single step was scaled by the ratio of full to partial disaccommodation to produce an initial step height that was equal to the initial motor error for a full-disaccommodation response to the far point. The scalar produced a feed-forward gain that was inversely proportional to the amplitude of the step change to the final destination.
The simulations (not shown) produced dynamic trends that were not observed in the empirical data. The simulated peak velocity remained invariant of the response magnitude for a given starting position, however the simulated peak acceleration and time-to-peak velocity (TPV) varied with response magnitude. . Finally, the time-to-peak acceleration in the simulated singlestep disaccommodation responses (TPA) was abnormally short (10 ms). These differences from the empirical responses suggest that disaccommodation responses are not produced by a simple step change in innervation and instead it is more likely that they are produced by a combined pulse and step innervation as described above by the pulse-step model.
Neural control strategies for accommodation and disaccommodation
Differences in the first-and second-order dynamic properties of accommodation and disaccommodation indicate that they utilize different neural control strategies (Bharadwaj & Schor, 2005a , 2005b . Both systems utilize acceleration-pulse and velocity-step signals to control dynamic properties and the magnitude of responses. Accommodation and disaccommodation utilize different characteristics of the acceleration-pulse signal to control the peak velocity and peak acceleration of the step responses. The first-and second-order dynamic properties of accommodation are produced by varying the width of a fixed-height pulse with response magnitude. In contrast, the first-and second-order dynamic properties of disaccommodation are produced by varying the height of a fixed-width pulse with the dioptric distance of the starting position. Acceleration-pulse parameters for accommodation are invariant with starting position and only depend on response magnitude whereas for disaccommodation, they are invariant with response magnitude and depend only on starting position.
The different dynamic characteristics exhibited by accommodation and disaccommodation step responses illustrate that these two motor systems do not operate with machine-like properties but rather they utilize different dynamic control strategies to optimize the accuracy and/ or speed of the step response. Adjusting the accelerationpulse width for accommodation in proportion to response magnitude, independent of starting position, produces stable but slow responses. Adjusting the acceleration-pulse height for disaccommodation in proportion to the dioptric distance of the starting position, independent of the response magnitude, produces rapid responses that are unstable for small disaccommodation responses from a near starting position. Why do accommodation and disaccommodation optimize different dynamic features of their step responses (stability versus speed respectively)? Perhaps accommodation and disaccommodation are responding to different tasks or goals that they normally encounter in natural viewing conditions. During accommodation to a specific near object that attracts our attention, if we wish to inspect the object, accuracy of accommodation is more important than speed, whereas during disaccommodation, we usually explore distal space to quickly scan for obstacles or novel events, and if we wish to detect novel objects, speed of disaccommodation is more important than accuracy. The different control strategies employed by accommodation and disaccommodation step responses could be influenced by the instruction set provided to the human subjects during the course of data collection. For example, an instruction to disaccommodate accurately rather than rapidly could have resulted in similar control strategies of accommodation and disaccommodation. However, the same instruction set (''to focus on one of the black and white wedges of the Maltese cross and maintain accurate clarity of this wedge throughout the experiment'') was provided to the subjects during data collection of both accommodation and disaccommodation step responses. Hence, even if the instruction set could influence the control strategy of the step response, it would have done so equally to both accommodation and disaccommodation step responses.
Stability of partial-disaccommodation responses
The acceleration-pulse is open-loop and its amplitude determines the first-and second-order dynamic properties of the disaccommodation step response. The velocity-step is closed-loop and negative feedback guides the response to completion and maintains it in a steady state. In full disaccommodation (responses from a given starting position to the far point), the final destination equals the far point and the heights of the acceleration-pulse, the velocity-step and their integrated phasic-velocity and tonic-position signals are all proportional to the starting position. During partial disaccommodation (responses from a given starting position to a position proximal to the far point), the initial heights of the acceleration-pulse, velocity-step, and phasic-velocity signals are the same as a full-disaccommodation response to the far point. However, the height of the tonic-position signal is reduced, and it is proportional to the magnitude of the disaccommodation response from the starting position to the dioptric distance of the final destination. When the dioptric value of the final destination is greater than 50% of the dioptric value of the starting position, the combination of a large change in the phasicvelocity signal and a smaller change in the tonic-position signal produces overshoots in the step response when control switches from the open-loop acceleration-pulse to the closed-loop velocity step.
Plasticity of dynamic control of disaccommodation
Changes in the dynamic properties of disaccommodation by subject SRB reduced the overshoots of the partial disaccommodation response in the second session (Bharadwaj & Schor, 2005b) . In effect, SRBÕs control strategy for disaccommodation changed to the control strategy for accommodation where peak acceleration was invariant with response magnitude and starting position, while peak velocity increased with response magnitude. These dynamic properties were modeled by increasing pulse width rather than pulse height to control peak velocity. This is a clear demonstration of plasticity of the neural control of disaccommodation. The advantage of the typical disaccommodation control strategy over the accommodation control strategy is that varying pulse height rather than pulse width results in higher peak acceleration and peak velocity that reduce the response time for near-to-far responses. But the disadvantage of the typical disaccommodation control strategy is that it produces overshoots for small partial-disaccommodation responses from proximal starting positions. Perhaps with many repeated trials in our apparatus, SRB became motivated to disaccommodate accurately, rather than quickly, and accordingly his control strategy was modified, albeit subconsciously.
The accommodation step response also exhibits some plasticity. Kasthurirangan and Glasser (2005) reported a similar starting-position dependence strategy of peak velocity for both accommodation and disaccommodation. In their study, the peak velocity of accommodation step responses increased with dioptric distance of the starting position such that a 1.5 D response from a 4.5 D starting position had a higher peak velocity than a 1.5 D response from the far point. Although we found the peak velocity for a constant magnitude of disaccommodation (1.5 D) to increase with dioptric distance of the starting position (Fig. 2E) , the same subjects did not show any change in peak velocity of accommodation with starting position (Fig. 2D) . Comparison of our results with those of Kasthurirangan and Glasser (2005) indicates that highly practiced subjects in either their study or ours can learn to control the peak velocity of accommodation using the strategies of varying acceleration-pulse height or pulse width. Indeed, they found that the peak velocity for small accommodation responses to a 6 D ending position varied by 50% (13.5-9 D/s) depending on the order of stimulus presentation and they interpret this variation as a training effect. We have modeled the starting-position dependence strategy of peak velocity of accommodation with a model similar to the disaccommodation model. In the starting-position strategy model for accommodation, the pulse height is proportional to the dioptric value of starting position and the initial step height is proportional to the ending position.
Similarities in the dynamic properties of divergence and disaccommodation
Differences in the dynamic properties of accommodation and disaccommodation are mirrored by the vergence system (Alvarez, Semmlow, & Pedrono, 2005) . Peak velocity of convergence increases with response magnitude, independent of starting position, while peak velocity of divergence increases with binocular parallax of the starting position, independent of response magnitude (Alvarez et al., 2005) . Our inspection of their data reveals three characteristics of the divergence step responses that are similar to disaccommodation step responses. First, the initial slope of the velocity profiles (giving an estimate of the response acceleration) also increased with proximity of the starting position. Divergence may use a similar control strategy as disaccommodation by controlling pulse height with proximity of starting position. Second, as with disaccommodation, the time-to-peak velocity of divergence (measured from the start of the response) changed insignificantly with starting position. Third, there are overshoots and oscillations in partial-divergence step responses from proximal starting positions. These observations suggest that starting-position dependent characteristics of disaccommodation and divergence could have a common neural origin. Since the biomechanical plants of these two motor systems are separate and distinct, the similar dynamic properties are probably not a consequence of the physical plant, but rather they result from a neural control strategy that is matched in the two systems to promote coordinated cross-coupled accommodation and vergence responses (Morgan, 1968; Schor, 1992; Schor & Kotulak, 1986 ).
Neural substrates for disaccommodation
Shared neural control of convergence and accommodation has been observed in a number of areas of the primate brain including the prearcuate cortex and frontal eye fields (Gamlin & Yoon, 2000) , the posterior interposed nucleus (IP) of the cerebellum (Gamlin, Yoon, & Zhang, 1996; Zhang & Gamlin, 1998) , the nucleus reticularis tegmenti pontis (NRTP) (Gamlin, 2002; Gamlin & Clarke, 1995) , and in the near response cells of the supra-oculomotor area (Judge & Cumming, 1986; Mays and Gamlin, 1995; Mays, Porter, Gamlin, & Tello, 1986; Zhang, Mays, & Gamlin, 1992) . All of these areas have both phasic and tonic cells that control the dynamic properties and position of the near responses of accommodation and convergence. Specifically, the NRTP and the IP nucleus have neurons whose activities increase either in a transient fashion (phasic cells) or in a sustained fashion (tonic cells) with the amplitude of the far-response (Gamlin & Clarke, 1995; Gamlin et al., 1996; Zhang & Gamlin, 1998) . It is possible that the phasic and tonic activity of the NRTP and IP neurons aid disaccommodation step responses by providing inhibitory input to the ciliary muscle via the midbrain near-response cells and the Edinger-Westphal (EW) nucleus (Gamlin, 2002; Zhang & Gamlin, 1998) .
Conclusions
The first-and second-order dynamic properties and control strategies of accommodation and disaccommodation are different (Bharadwaj & Schor, 2005a , 2005b . The pulse-step model demonstrates how acceleration-pulse and velocity-step signals might be used to form phasicvelocity and tonic-position signals that determine the dynamic properties and magnitudes, respectively, of step responses by accommodation and disaccommodation. A typical control strategy of accommodation is to adjust the width of a constant height acceleration-pulse signal to control peak velocity in proportion to response magnitude, while acceleration is invariant. A typical control strategy for disaccommodation is to adjust the height of the constant-width acceleration-pulse and velocity step to be proportional to the dioptric value of starting position to control both peak acceleration and peak velocity, independent of response magnitude. The linear dependence of dynamic properties of disaccommodation on the dioptric value of starting position suggests that disaccommodation responses of any magnitude from a fixed starting position are initiated toward a common initial destination (cycloplegic refractive state) by a phasic-velocity signal whose height is proportional to the dioptric value of the starting position . Responses are completed and maintained at a final destination by an independent tonic-position signal whose height is proportional to the response magnitude to reach the final destination. Partialdisaccommodation responses can have overshoots when the height change of the phasic velocity signal is larger than that of the tonic-position signal. However, it is possible to adapt the motor control strategy of disaccommodation to be more like that of accommodation to improve the stability of small partial disaccommodation responses.
